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Abstract 'T'his paper desar tbes e 1 deep
Space Network Antenna Operations Planner
(I1OPLAN) © a system for  automatically
pencrating antenna  tracking  plans for an
autor nated set o f highly sensitive radio
scienee and telecon ununications antennas .
DPLAN accepts current cquipment
confipuration nfor mation and a sct of
requested track set vices and uscs a
knowledge  base of ar stenna operation s
procedur €s to pr oduce a plan of activities (o
provide the ser vices using the allocated
equipment. DPI.AN produces this plan using
and integration of artificial intelligence (Al)
tcchniques  of  hicrarchical task networ K
(11“1'N) and oper ator -based planning. We
descr ibe the antenna automation problem, the
1 OP1L.AN system for automatic genes at ion of
it ack plans, current deployment status, and
futmre wor k.
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1L INTRODUCTION

The Deep Space Network (DSN) [6] was
established in 1958 and since then it has
evolve.d intothelargestand mostsensitive
scientific  telecommunications  and  radio
navigation ncet work in the  world. ‘1he
purpose of the DSN is to support unpiloted
interplanctaty  spacccraft — issions  and
support  1adio  and  radar  astionomy
obscr vations in (t e explor ation oOf the solar
system and the universe.  7There are thi ee
deep  space  communications  complexcs,
located in Canberia, Australia, Madrid,
Spain, and Goldstone, California.  1iach
I OSN complex oper ates four deep space
stations -- onc 70 -1neter antenna, two 34-
meter antennas, and onc 26-meter ante.nna.
“Jim functions of the DSN are to receive
teler uetry signals from spacecr aft, transmit
commands that conti ol the  spacecraft
operating  modes, gencrate  the  radio
navigation data used (0 locate. and guide the
spacectaftto its destination, and acquite flight
1 adio science, 1 adio and 1 adar asti onomy,
very long bascline inteirferomett y (VJ RBI),
and geodynainics measur ements.

Fiom its imception the DSN has been driven
by the need to aeate inc casingly more
sensitive teleconnmun ications  devices and
better  techniques  for  navigation. The
operation 0 T the 1)ISN communications
cornplexes 1equite @ high level of nianwal
intcraction  with  the  devices  in the
communications link with the spaceciaft. In
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naore recent o mes NASA - has added some
new requitements to the development of the
DSN: (1) reduce the cost of operating, the
DSN, (2) improve the operability, reliability,
and maintaiability of” the DSN, and (3)
prepare fora new eta Of” space exploration
with the New Millennium prograr n: support
small, mtelligent spacecraflt requit ing very
few mission operations personncel.

This paper deser ibes Deep Space Networ k
Antitenna Operations Planner (1)171 LAN)
which automatically gene tates plans for
mdividual tracks based 011 therequested
services and cequipment  allocation. The
DPLAN system s one clement of - a far-
rcaching ¢ flfort to upgrade and automate
operations of the DSN in order to achieve the
thice: NASA goals mentioned in the last
paragraph. We successfully demonst ated a
prototype of the DPLAN system i February
1995 at NASA'’s experimental DSN station,
DSS-13[ 12,1 3], ona sclies of Voyager
tracks and ¢ fforts are curently underway to
insctt the  technologies  used i this
demonstiationinto the operational DSN.

This paper 1S organized in the following
manner. We begin by providing an over view
of how the DSN operates. Nextwe descnibe
an architecture  for  automating DSN
operations -- we give a functional description
of cach of the components, which includes
the Iemand A ccess Networ k Scheduler
(1 >ANS)system for automated 1esou ce
allocation 51, DPLLAN 8] 14], anautomated
p rocedure generation system, and NMC | a
plan excecution and monitoring, system. In
addition we provide examples of the inputs
and o111] nutstocach of the components [()
usttate: what occurs at cach ste p in the
process 0 f SN operations. Next,  we
describe the DPLAN system; describing: (1)
the  wtack  plan  generation problem; (2)
artificial intellipence hicrarchical task network
(1 T'PN) and operator-based planing; (3) the
DPl AN gsystemy; and (4) an example of
operation.  Finally, we  deser ibe cunient
clforts to deploy the DPLAN system in the
operational DSN and areas of cunentwork.

2.110\% ‘I'1 11: DSNOPERATES
Voyager | is cruising at I'L.5 kilometers per
sccond tOward the owte redge 0 the sola
system. ‘Though its onboard systems are
mostly asleep  during  this phase  of its
mission,  Voyager’s  health metr ics are
continually sent (() Haith viaatelemetry signal
tadiated by its 40 watt tansmitter. It will
take cight hours at the speed of hight for the
stgnal to reach its destination, Far th, a billion
miles away.  Upon au ival, the telemetry
sipnal 1S received by an extrer nely sensitive
¢ round communications syste 11, NASA’s
Deep Space Network (DSN), where it 1S
tec orded, processed, and se nt [() the Mission
Operations and Voyager project enginees,
who assess thehealth of the spacecraft based
on the contents 01 the signal.

The type of activity qust described occurs
daily  for dozens  of  different NASA
spacectaft and p rojects that use the DSN 1o
capture spacectaft data. Thouglithe ])10CC.SS
of” scnding signals from a spacect aft to Farth
IS conceptually simple, in 1eality thcie are
many  carthside challenges  that must be
addressed before @ spacecraf t's signal s
acquited  and  transformed  mto  useful
mformation.

Network — Pr o epar ation at the Net work
Oper ations Control Center

TH e fuststep i a DSN vack IS called
Network Preparation and itoccurs at a cential
con trol center for the DSN located at J]°]
called the Network Operations Contiol Centel
(NOCQ), The project inttiates Network
Picparation by sending a request for the DSN
to ttack @ spacccraft involving  specific
tracking services. ‘The DSN responds to the
request by attempting to schedule  the
TCSOULCES (b e, an antenna and other sha red
cquipment) needed for the track.

Along with this tequest, the project prepaies
a Scquence of Fvents (SO describing the
time-ordered  activities  that - should  occu
during the ttack. The SOE includes actions
that the DSN  should take, (e.g., begin
ttacking, the project’s  spacecraft at 1200
hours), and it also includes cvents that will
occur on the spacecraft being tacked (e g,
the spacecraft will change fiequency or mode




at a designated time).  These events are
important because they affect how the DSN
provides the services.  The project SOE 1
sent to the DSN, which then genciates its
own version, called a Ground Network SOE,
The Ground Networtk SOE 1s a more
claborate version of the project SO m that it
cxpands the activitics from  high  level
descriptions  (e.g.,  begin tracking  the
spacecraft) into a finer level of detail for use
by the operations personnel at the deep space
station. The Ground Network SOE 1s sent to
the Decep Space Station (DSS) . where the
antennas vsed to perform the actual tack are
located.  Along with the Ground Network
SOl a wide tange of requited support data
are transinitted - such as the predicted
location of the spacecraft, cte.
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Kigure 1: An Automation Oricnted View of
Decp Space Network Operations

Data Capture at the Signal Processing Center

The data capture process 1s performed by
opetations personnel at the deep space station
- they determine the correct steps to perform
to configure the cquipment for the track,
perform the actual  establishment  of  the
communications link, which we  heieafter
refer to as a ‘link’, and then perform the track
by issuing contiol commands to the various
subsystems comptising the link. Throughout
the track the operators continually monitor the
status of the link and handle exceptions (e.g.,
the 1eceiver breaks lock with the spacecraft)
as they occur.  All of these actions are
cuniently performed by human  opcrators,
who manually issue  tens ot hundreds

commands via a computer keyboard to the
link subsystems.  The monitoring, activities
requite the operator to track the state of cach
of the subsystems in the link (usually thiee to
five subsystems), where each subsystemn has
many different state vartables that change
over tine.

Automation of DSN Processes and the DSN
Planner

In the last section we described the current
process for ttansforming  a flight  project
service request into an executable set of DSN
opetations. As we have alicady pointed out,
many of the steps of the descnibed processes
are intenscly manual.  As part of technology
development, demonstration, and
deployment, a scrics of systems ae being,
built to automate various portions of these
tasks. The  Demand  Access Network
Scheduler (DANS) [S] is being developed
and demonstrated to automate the network
resource  scheduling  process.  DANS s
designed to work in close coordination with
the Network Planning and Preparation (NPP)
system which tracks 1esource usage but does
not automatically schedule or reschedule.
‘The DSN  Antenna  Opcrations  Planner
(DPLLAN) [3] (sce also [2]) is being, deployed
and further  cuhanced  to  automatically
gencrating DSN track plans.  The Network
Monitor and Control (NMC) system is being
deployed  to  awtomate  the  connection
operations: intelligent task control, exccution
monitoring, and exception handling at the
DSS sites.

3. RACK PLLAN GENERAVION: 1T
PROBI 1M

Fach day, at sites around the world, NASA's
Deep Space Network (IDSN) antennas and
subsystemns are used to petform scores of
ttacks to support carth orbiting, and deep
space missions.  Because of the complexity
of this ecquipment, the large  set of
communications scivices (in the tens), and
the large number of supported equipment
configurations (in the hundreds , correctly
and efficiently opcrating this cquipment to
fulfill ttacking, goals is a daunting task. An

additional 1equirement is that the antenna



operations knowledge  embodied  in the
system  be  easily  undeastandable and
maintainable  as  equipment  upgrades,
services, protocols, and  software changes
evolve,

The  Deep  Space Network  Antenna
Operations Planner (DPLAN) is an automated
planning  system  developed by the  Jet
Propulsion Iaboratory (JP1) 1o automatically
gencrate antenna tracking plans to - satisfy
DSN scrvice 1equests. In order o penerate
these antenna operations plans, DPLAN usces
a number of information sources, including:
the project generated  service request,  the
spacceraft sequence of events, the tack
cquipment  allocation, and  an  antenna
operations knowledge base.  The service
request represents the basic communications
services  requested  during the  tack
(telemetry/downlink, commanding/uplink,
ranging (uplink and downlink), cle).

The sequence of events indicates the 1elevant
spacectafll  mode  changes  (such  as
transmission bit rate changes, modulation
index  changes, etc.). The  equipment
allocation dictates the antenna and subsystem
configuration available for the track. = ‘I'he
antenna operations knowledge base provides
information on the requitcinents of antenna
operations  aclions;  in particular,  this
information dictates how these actions can be
combined to provide essential
communications scivices

Generation of Tracking Plans - The Inpuis
and Outputs

The automated track  procedure generation
problem involves taking a general service
request (such as telemetiy - downlink of data
fiom a spacccraft) and an actual cquipment
assignment (describing the type of antenna,
receiver, telemetry processor, and so on),
and generating  the  appropriate partially
ordered sequence of commands (called a
Temporal Dependency Network or TDN: see
igute 3) for creating a communications link
to cnable the appropriate interaction with the
spacecralt.  The DSN - Antenna Operations
Planner (IDPLAN) uses an integration of Al
Hictarchical Task Network (F'TN) and partial

order operator-based planning techniques 1o
iepresent DSN antenna operations knowledge
and to  antenna opcrations procedures on
demand  fiom  the  service request  and
cquipment assignment.

The DPLAN  planner uses high level tack
mformation to determine appropriate steps,
ordeting  constraints  on  these steps,
parameters of these steps to achicve the high
level track  goals  given  the cquipment
allocation.  In gencrating the TDN,  the
planner uses infonmation  from  several
sources (see Figure 2):
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Figure 2: DPLAN and LMCOA/NMC
Inputs and Outputs

Project SOL - The project sequence of events
specifies events from  the mission/project
perspective.  As a result, the project SOL
contains a great deal of information tegarding
the spacecraft state which is elevant to the
DSN tack, as well as a lavge amount of
spacecraft  information umelated to DSN
operations. Relevant information specified in
the project SO includes such items as the
one-way light time (OWI.T) to the spacecraft,
notifications of the beginning and  ending
times of tracks, spacccraft data transmission
bit 1ate changes, modulation index changes,
and carrier and subcariic frequency changes.

Project profile - This file specifics project
specific information tegarding frequencics
and pass types.  For example, the Project
SOE might specify ficquency = HIGH, and
the project profile would specify the exact
frcquency used.  The project profile might
also other signal paramcters and default track
types.



I'DN KB The Temporal 1 dependency
Network (FDN) knowledge base [9][ 10]
stores nformation on  the TDN  blocks
available for the DSN Planner and 1. MCOA
10 usc. This  knowledge base  includes
information regarding preconditions,
postconditions, directives, and other aspects
o f the TDN blocks. 1 ( also includes
mformation on how to cxpaud the block
paramcters and name into the actual flatfile
entry ina THN.

Fquipment Configuration - ‘This details the
types o f equipment available and unique
wentificrs to be used [ () specify the exact
picces 017 equipment to be used in the tack.
Thesemelude [tic antenna, antenna contioller,
therecerver, and SO on.

A ARTIFICIAL, INTELLIGENCE
PLANNING TEHCHNIQUIS

A | planmng rescarchers have developed
num crous appr oaches to the task of  conect
and ¢ flicientplanning. Two mainapproaches
(o gencrative planning,  al-c. operator-based
planne 1s and hierarchical task ne twor k
(I'TN)  planners. DPLAN  uses  a
combination of  both these approach’s,
exploiting the advantages of cach.

Both 1 1IN and operator-based planmers
typically constract platis by scaiching tn - a
plan-space. 110wevel ,  they  diffcy
considerably in how they  scarch, 11N
planners specify plan modifications in terms
of flexible, hicraichical and modular  task
teduction rules,  waoking in a  forward
chaining, top down fashion. In contiast,
operator-based planners work ina back war -
chaining manner, taking a givery poal and
attempting  to 1esolve its  preconditions.
Operator-based  planners perform all
reasoning, at the lowest level of  abstiaction
and provide a strict semantics for defining,
opreratordefinitions.

An H'TN planner [ 7] uses task reduction roles
to decompose absti act goals into lower level
ta sk's. H'IN planners can encode many types
of information into task reductions. By
defining o1 not defining certain reduction
[P HIcHCills, the designer can ditect  the

planner towards particular scarch paths i
certam o1t [(), [s.  Theuscrcan also ditectly
iflucnce the planner by explicitly adding, an
order ing constraint o1 goal protection that
would not stnetly be der ived fi om goal

mteraction  analyses. Scarch-contiol
knowledge can al'so be encoded by wr iting
explicit action sequences (o achicve goals,
thereby avoiding considerable search.

I contiast, all operator-based planner 15][ 1]
teasons at a single level of abstraction -- the
lowest level. Actions are strictly defined in
terms of preconditions and  effects. Plans are
p roduced through  subgoaling  and  poal
mteraction analyses. In this framework, all
plan constraints— (protections,  ordeting,
codestgnation) are a direct consequence 0Of
goal achicve nents and acti on precondition
and effectanalysis. Thus, an operator -based
planner generally has @ stnict semantics
grounded in explicit state tepresentation, ie.
defining what IS and IS not truc in a particular
state (o1 partial state).

1OPI.AN combines both these two methods,
exploiting the advantages of cach. Al
operator-based  planmer  requirtes a  rigid
representation which is both a stiength and a
weakness. 1( 1S advantageous since it more
explicitly directs the knowledge engineer in
cncoding a domain.  Yet, it can aso make
certainaspeets of a l)lot)lc.in difficult 10
represent. Known ordering constraints and
operatorsequences can be difficult to encode
il they cannot easily berepresented intenns
ofpreconditionsand effects. Suchconstraints
canand are often forced by adding “dummy”
preconditions, however this solution can
often create @ misleading repr esentation. An
HIN planner, onthe other hand, allows, the
casy 1epresentation of known  ordering,
constraints.  Domain information 1S casily
represented  within the HEN  framework
alfowing the capability of directing, scarcha
thiough explicitly defined ordering,
constraints and goal protections.

Using a combination of both H'TN planning,
andoperator-basedplanning allows 1 )171 AN
to direct scarch and define knowledge in a
top down  fashion, but also to define
knowledpe m the more st uctu 1ed operaton




based fasinon without the problem of 1aving,
to create “dummy” variables.

In the mtegrated H'EPN/operator framework
that DPLAN utilizes, the planner can use the
two planning methods and  reason  about

different types of  planning  goals. In
DPLAN, we have defined two main poal
types: activity-goals and  state-gouls.

Activity-goals  cortespond to operational ot
non-operational  domain  activitics  and  are
manipulated using HTN planning, techniques.
Operational — activity-poals  are  considered
primitive tasks that can be directly exccuted.
Non-operational — activity-goals  must— be
further decomposed  into - operational - ones
through IWI'N  reduction rules. State-goals
are defined as the preconditions and effects of
activity-goals, and  are  achieved  thiough
standard operator-based planning incthods.

DPLAN uses both hicrarchical task network
(HHTN) planning  techniques and  operator-
based  planning  techniques. In TN
planning, abstract actions such as "calibrate
receiver™ or “configure sequential ranging
assembly” are  decomposed  mto  specific
diectives for specific hardwaie types.  In
operator-based  planning, requirements  of
specific actions are satisfied using, incans-cend
analysis, which matches action preconditions
to effects and resolves any occutring ordering,
constraints.

5. THE OPLAN PLANN NG ALGORT 1M

The DPLAN planning  algonthim  uses  a
unique  combination  of the HIN and
operator-based planning techniques discussed
above. DPLAN operates by refining a set of
imput top-level goals mto a set of low-level
operational goals. Plans are represented by a
three-tuple: <U,C,S> where U is a set of
non-operational (or high-level) goals, € is a
set of consttaints, and S 18 a sct of
operational-goals. At the end of planning, U
should be empty and the pgoals in S are
returned as the final plan steps.

A overview of DPLAN algorithm is shown in
Figure 3. The main inputs to DPLAN ae: a
set of  high-level  goals G, a sct of
decomposttion rules R, and the set of all

possible  operational goals O, Scarch i
mmplemented by keeping a queue of pattial
plans to be explored.  Currently, plans are
selected from the queue using a best-first
heuristic, however, other search techniques
could castly be employed. Step 1 of the main
foop selects the best plan off the queue, and
Step 2 cheeks if that plan is a solution. If no
solution has been found then a new goal is
selected for refinement. Step S5 chooses a
refinement strategy for that goal, and in Step
6, any new plans ceated  through  that
strategy ate serted nto the plan queue. A
plan is  considered a solution i two
conditions are true.

A go~i oan ) AN C RO,

Imtiahize the plan queue Q = (<G, {}>)
While Qis not empty and the resource bound
has not been exceeded,

1. Sclect a promising plan P oin Q using
heuristics,

2. Remove P from Q

3. If P contains only operational-goals, then
check context goals in . If the context
goals are achieved, return P
Otherwise poto 1.

4. Choosc a non-operational goal g from 1

5. Refine g.

0. Inscit any new plans generated by
refinement mto Q.

Figure 3 - The DPLAN Scarch Algorithin

Fhe first is that there are no non-operational
goals left to be refimed. The sccond condition
is that all context goals have been achicved o1
are direetly achievable in the current plan.
Context poals are goals which were needed
for applying a decomposition rule, but ar
supposed to be accomplished by some other
part of the plan.  If all context goals have
been achieved, then the plan is returned as a
SUCCESS.

r

DPLAN can use several different refinement
strategies to handle non-operational  goals.
There are two main types of  goals i
DPLAN:  activity-goals  and  state-goals.
Activity-goals conrespond to operational o
non-operational  activitics and arc  usually
mantpulated using HEN planning, techniques.




State-poals cortespond 1o the preconditions
and ceffects of activity-goals, and are achicved
through operator-based planning. State: poals
that have not yet been achieved are also
considered non-operational. Figuie 4 shows
the procedures used for refining these two
types of goals.  As soon as a tefincment
strategy is applied to an activity-goal or state-
goal, it 1s removed fiom the list of non-
operational goals.

If ¢ is an Activity-Goal,

1. Decompose: For cach decomposition rule
rin R which can decompose g, apply 1 10
produce a new plan P I all constiaints
in P are consistent, then add P o Q.

2. Simple Establishment: For each activity-
goal ¢ in U that can be unifiecd with ¢
simple establish ¢ using g and produce
anew plan P 1f all constraints m ' are
consistent, then add 1’ 10 Q.

I ¢ is a State-Goal,

I. Step Addition: ‘o cach acuvity-goal
cffect that can unify with g, add that goal
to P to produce a new plan 1. If the
constraints in P' are consistent, then add
P'to Q.

2. Simple Establishient: For cach activity-
goal ¢' in U that has an cffect ¢ that can
be unified with g, simple cstablish g
using ¢ and produce a new plan P 1f all
constraints in P are consistent, then add
P 1o Q.

‘igure 4 - Goal Refinciment Stiategics

DPLAN can also use additional domain
information for more cfficient and flexible
plamming. For instance, a planning problem
can specify a list of static context facts.
These facts 1epresent operational goals that
ate always considered to be tue. Such goals
arc casy for DPLAN to venify  during
planning and can help in pruning off scaich
bianches. Other possible inputs include sets
of prcconditions and effects for operational
activitics, a sct of final goals that must be trae
in the plan solution, and a set of initial goals
that e true at the beginning of planning.
This information is not requited for standard
DPLAN operation, but can be very beneficial
duting planning.

An Example of DPLAN representation

As mentioned in the  preceding section,
DPLAN uses several  diffeient types  of
knowledge to construct a plan. A main
component of this knowledge is a set of
decomposition rules.  These rules spectfy
how the  planner  can bicak  down
nonoperational activity-goals into lower-level
operational poals. A sample tule  for
performing a telemetry  antenna track s
shown in Figure 5. This rale defines how
the general telemetiy  operation is broken
down into steps. The left-hand side (LLHS)Y of
a decomposition tule consists of a set of
mitial goals, and possibly, a number of other
constraints that specify when the rule should
be applied. Al initial poals and specified
constraints must be trae in the current plan
for the rule to be selected. The initial goals ol
a tale are the nonoperational goals that the
rule “decomposes” into lower-level goals.
The rale shown above has only one initial
goal that checks if a telemenry track-goal s
present in the current plan.*

The right-hand side (RHS) of 4 rule contains
asctof new goals and constiaints over those
goals.  Once a rale is applicd, these new
goals replace the 1LHS mitial goals in the
cutrent  plan. The RHS also  contains
ordering constraints  and  protections  that
specify information about the new goals. An
ordering, constraint specifies that two froals
must be placed in a certain partial order in the
final TDN. A piotection specifies a cavsal
link that exists between poals, where a causal
link explains how the effect of one goal
achicves the precondition of another goal.
This link must always be preserved in order
to generate  a corteet plan. Ordermg
constiaints and protections are added 1o the
cutrent plan and  must  always  be  kept
consistent duting planuing. Yor instance, if
an ordering constiaint is  violated during
planning, then the curtent plan is discarded,

* Other possible LS constraints include additional
goal conditions that must be present in the plan,
context goals, which the planner expect o be
achicved by another  rule,  and codesignation
constraints, which check whether two vanables car or
cannot be unificd



(decomprule default telemets y-track
lhs
(initialgoals ((track-goal spat.cc[afl-h ack teleinetiy Piack-id)))
Ils
(newgoals
((g 1 (perfonn-antenna-controller- configuration 2t ack-id))
(p? (configure-metric-data-assembly ?ttack-id))
(23 (petform-mict owave-contr oller-configur ation 2track-id))
(g4 (perform-receiver -configuration 2t ack- id))
(5 (perform-telemeti y-configur ation 2track- id))
(£6 (Inove-antenna-to -point 2track-id))
(g7 (perform-receciver-calibration 2track- id)))
constraimts
((before g1 £06)
(before g7 g3)
(before g4 £7))))

Figure S - Decomposition tule for telemetry track

(decomynule configure-receiver 1
lhs
(initialpoals ((perform-receiver-configuration 7t ack- id)))
conditions ((CCN-cquip ment-assignmient 2t ack-id 7equip)
(isa 7equip B1.OCK-1V-RECHIVER)))
ths
(newgoals ((configure-block-iv-1 cceiver 2tiack- id Zequip))))

(decomprule configure-receiver?
lhs
(initialgoals ((perform-receiver-configuration ?track-1d)))
conditions ((CCN-equipm ent-assigniment 2track - id 2equip)
(isa ?equip B1LLOCK-V-RECEIVER)))
1ls
(newgoals ((configure-block-v-1cceiver ?track-id Zequip))))

Kigure 6 - T'wo 1ules for decomposing the perform-receiver-configuration goal

(calibrate-transmnitter
:parameters (Mtrack-id)
:preconditions ((exciter-con figured 2track- id)
(microwave- contioller-co nfigured 2tack-id)
(transmitter-configured ?track-id))
:effects (((transmitter-calibr ated 20 ack-1d))))

Figure 7- Schema for calibrate-transmitter poal

and the planner selects another plan from the Sometimes theie may be several  different
queue. to work on. rules that canbe used to decompose the samne
initial goal. For instance, in tracks for 70in
antennas, there are several different methods




for configur ing a receiver dependi ng on the
type o f recerver being used.  To represent
these  different methods, there are seveial
different rules that ¢ary be used to decompose
the perform -receive - configuration, whict)
was aeserted by the telemetry qale in Figure
5. The rules listed m Figure 6 show two
possible ways to break down this goal. The
fust rule states that if the current goal is to
configmie  the tece iver, and the receiver
assigned to the antenna track 1s a Block-1V
icceiver, then the configuration method for
Block-1'V reccivers should be used  ‘lle
sccondrule state.s a similarimethod for Block-
V oaecetvers. “1'bus, as shownin these
examples, decomposition rules can be used to
eprese nt both specific and general domain
knowledge.

Another type of knowledge used by DPLAN
is a sct of activity-poal schemas.  These
schemas  del ine the parar neters and the
preconditions and ¢ {fects that are associated
with an activity-goal. ~ A's explained in
Section 5, activity-poal  preconditions  and
¢ {leets conespond to state-goals and arc
manipulated] through operator-based planning
techniques. A sample of an activity-goal
schema is shown in Figure 8. This scheia
defmition shows the associated  parameters
and the preconditions and effects of the
calibrate- “yrapsmitter task. Vot instance, this
schiema reflects that it i s necessary 1o
configure the exciter before calibrating the
ttansmitter.  Since. . DPLAN employs  a
combination 0 f operated-based and 1TTN
planning echniques, a varicty of knowledge
YPES can be exploited by the planner. These
different knowledge formats allow  domain
knowledge to be more naturally represented
than if only one format were utilized. Fach
format allows for a different type of
knowledge  encoding. Lior  instance,
decomposition  1ules  allow  for  the
1epresentation o £ absti aet levels of domain
objects  and  goals. Allowi ng abstract
iepresentations of these items, allows the
usct to represent domain information in @
mote object- oriented form, which is casict to
write and reason about. This forn aat also
contributes  to a nioic.  general  domain
knowledge  base that can be  efficiently
updated and maintained.

Conversely, the utilization of - goal schemas
and operator-based  planning, techniques
allows certain constraint mformation to be
mote castly expressed i the domain. Lo
instance, ordertng, constraints that are due to
precondition-effect nteractions  are  directly
deduced duting planning, instead of having
to be expheitly listed by the user. In
patticu lar, ordening constraints that apply to
very specialized goals, as opposed to very
genetal ones, can be more castly exjoressed
througl + precondition/effect schemas, than
through  decomposition rules. Yor more
information  on the  advantages  and
disadvantapes  of - employing - HIN - and
operator-based planning techniques for this
type of domain see [4].

An Operations Fxample

In order to begin the planning  process,
DPLAN 1 s provided with @ problemn
specification that contains several lists of
information.  Specifically, each  problem
contains alist of decomposition Seals, along
with possible lists of inttial state predicates,
static  state  predicates,  and  fmal = state
predicates. A sainple problein for petforming
teleieuy and ranging with a 70m antenna is
shown in Fipute §.

The init-state ficld specifies a list o f
propositions that are (jue in the initial state of
the plauner. Forinstance, as shown inthe
above problem, the exciter drive is assumed
to be off prior to when the track is
petformed. The static-state ficld specifies  a
list of propositions thatare always truc
during planning (i. e, can never be deleted),
and is comnmonly usedto list equipment types
avail able to the track. The decompgoals Tield
holds the 1ist of nonoperational goals that are
to be broken down into lower-level goals
through the use of decomposition rules. The
final-state ficld is a list of propositions that
must be tue in the final plan. The init-stat e,
static-state and fina l-state  ficlds arc not
necessary for standard planmer operation, and
can be left epty. However, these ficlds are
very  beneficial - for  increasing planner
¢ fficicncy by  providing  extra  domain
knowledge. Other mputs to the  planner,




mclude a list of decomposition rules and a list
of goal schenmas, which were explained in the
previous section.,

(clecompproblem 1" 140 1iM70
(mit-state ((exciter-drive-oftuack 1)
(tange-mode-offuack 1)
(test-translator-oftuack1)))
(static-state
{(CCN-cquipment assignment track Lbstung 1)
(1sa bstring Liype-B-telemetry-string)
(CCON-cquipmentasstgnmenttrack |
Al’A-1Ol
(isa A'A-701n1 AI’A)
(CON-cquipment-assignmenttiack Lbve 1)
(isabvt I BVR)
(CCN-cquipment assignment trackrecl)
(sarcct 1{1.0)
(CCN cquipmentassignment ttack lugel)
(saug e 1UGCY)
(decomppoals
((perform-pre-caltrackl)
(track-poal spacecraft-ttack telemetry track 1)
(track-goal spacecraft tack ranging track1 )))
(final-state () )

Figure 8 Problem  specification for a
telemetry and ranging track

| OP1.AN is cunently started by exceuting, the
following command from the UNIX prompt:®
dplan <problem- string> <out put -
filename> <annotation- {ilename>

The problem-string input is a problem naine
(e.g. 34m, 70m). When this stiing, 1S given,
the planner will expect to find the following
files:

rules- <probloen: string>
goals- <problem string>
prob- <probloem strings>

The “Lules" files  specifies the list  of
decompos ition rules, the "goals” file specifies
the list of goal schemas and the "prob” file
specifies the particular problem specification
(including initial state, decomp goals, ctc. ).
DPLLAN will parse the information in these

s g ‘ .
" Futwre development plans include building a more
sophisticated vser interface that will allow the user 1o
castly interact with the planner.

files (using GNU tools flex and bison) into a
usable form. Then, using  the  algorithin
mtroduced v Secuon 5, DPI AN will
genciate @ plan that successfully achieves all
decompgoals anxd anv 'y final-state poals listed
inthe pro blem specification.

A final plan contains @ large amour 1t of
infor mation, mcluding a list of operational
goal names (corresponding to TDN blocks),
alist of ordering constraints ove 1those goals,
and a list 01 annotations that describe s how
the plan was built (i ¢, wh at rales and
operations were Use(l). Cunentlytheplanner
outputs this information m the following
way. Three o11()11f filesare created, atext
output file, anannotationfile, and a graph-
mput file.  The text output file contains a
textual histing, of blocks and parameters where
blocks are listed m a correct ordenng (i e,
blocks (10 no violate any plan ordeting
constraints).  ‘The annotation file contains  a
textual list of annotations describing the plan.
The graph-input Nile contains a list of node
natnes and ordenmg constraints, which can be
used to construct a graphical iepresentation of
the plan. Sce Figuie 9 for an example of a
plan generated (a I'T ON) for a problem
specification such as that shown in Figu1e 9.

6. CURRENT STATUS

The knowledge base for the ])]unnclcuncnlp'
supports all the antenna types at the 1 DSN®.
All valid types of spacecraft passes for cach
anfenna  type  are  implemented  in the
knowledge basc.

Spaceeraft passes mclude the following:

« telemetry Telenetry is a downlink with
the  spacecraft  where  information 1S
relayed from the spacecr aft to the 1SN
station 011 canth.

« ranging Ranging is amcthod of finding
the distance bet ween the spacect aft and
the carth which requires both ary uplink
and a downlink to the spacecraft.

6. . .
Excepting the 26-mcter antenna which

may be pha sed-out I the near futur e,
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LRI activity. For cach of the antenna types
that DPLAN covers in its knowledge base, all
the types of spacecraft passes that the antenna
is used for, are covered in the DPLAN
knowledge base:

*  34m BWG 34-meter Beam Wave Guide.
Telemetry, commanding, and ranging.

s 3dm STD 34-meter Standard.
Telemetry, commanding, and ranging.

* 3dm HLF 34-meter High Lfficiency.
Telemetry, commandmg, ranging, V111

ADOR, and radio science.

o /0m BVR 70-meter with Block V
Receiver. Telemetry, commanding,
tanging, VI.BI ADOR, VI BI clock sync,
and 1adio science.

o 70m BIVR 70-meter with Block 1V
Receiver. Telemetry,  conmmanding,
ranging, VI.BI ADOR, VI.BI clock syne,
and radio science.

Generating a plan o make an antenna
operational and ready to communicate with a
given spacecraft is a complex process.  ‘The
starting up and turning on of different picces
of cquipment and subsystems  must  be
carcfully coordinated. DPLLAN'g knowledge
base covers information on the full-range of
anlenna cquipment from the primitive on/off
operation of the test  translator o the
sophisticated operation of the AGC (antenna
gain contioller) or the UGC (microwave
controller).  Information on  all subsystems
necessary (o antenna - operation is - also
covered, such as the receiver subsystem, the
antenuia - subsystem, the  exciter-transmitter
subsystem, and others. DPLAN's Knowledpe
of the functioning of the cquipment  and
subsystems is used to detenmine in which
order the TDN blocks associated with cach
picce of equipment and cach subsystem must
be executed.

The total number of rules in the knowledge
basc (covering all antenna and track Lypes) is
197: 91 decomposition rules (average of 23
decomposition rules per antenna type) and
106 goal schemas.  The knowledge base is
modular and casily extended (o accommodate

new antenna types and new subsystems o
cquipment types. Also, as changes are made
to existing antennas, cquipment,  and
subsystens, the tules can rastly be modified.
For example, if a new type of antenna
ontroller is added o the 34m- HEY antenna,
then it is simply a matter of adding i a new
ule  that  configures  the new  antenna
conttoller. Other rules which use the antenna
contioller rule do not need 1o be changed
because of the decomposition structure of the
knowledge basc.

All the plans generated by the planner for the
different antenna types  and  their  valid
spacecraft passes (including, a imajority of the
multiple combinations of passes) have been
verified by the DSN operator experts from all
thice of the DSN complexes: Goldstone,
California (Octobxr 1995), Madrnid, Spain
(January  1996), and Canberra,  Austialia
May 1996). Yo example, the 34m-STD
antenna can support telemetry, ranging, and
commanding  spacecraft  passes,  and any
combination of those thice types of passes.
DPLAN  pencrated  the resulting 7
combinations of spacecraft passes (telemetry,
ranging, telemetry & tanging, telemetry &
commanding, ctc.) which were verified on
paper by the various operator experts as
being conrect, exceutable plans i terms of the
ordering of the TDN blocks and the inclusion
(or exclusion) of sufficient and ne Cssary
‘TDN blocks.

More testing will occur during, the integration
phase. Duringintegration,  the plans
gencrated by DPEAN are executed by the
Automation Engine (ALY, by fiing scripts
assoctated with cach TDN block in the plan.
The seripts execute  operator directives'
which tum on and off picces of cquipment,
configure subsystems, move the antenna, cle.

A preliminary demonstration was
successfully done integrating the planner with
the other elements which compiise the DSN
automation. The planner successtully made a
plan which was then executed (& stmulation)
by the AL This took place in December
1995, Further testing of the planner took
place in August 1996 in 4 computer stnulated
antenna envitonment with simulated
subsystems and cquipment. During  final




mtegration, anticipated i August 1997,
DPLAN will be fully integrated: the AE will
call the planner to generate a given plan and
then  exceute that plan, firing  off the
necessary scripts for the TIDN blocks. This
will first be tested in the antenna simulator
envitonment and then tested at the Goldstone,
California DSN Complex.

7. DISCUSSION

In this section we discuss several issue.s
relevant to the DSN - planner  including:
compaiison to alternative  methods  of
autornation, iepresentation for
maintainability, plan quality, andreplanning,

Representation for Maintainability

An important  aspect  of  the DPI AN
1epresentation is thatit allows for natural
cncoding of at stract objects and procedures
(e.g., 1ccciver calibration). By allowing
decomposition 1 ules o refer o abstract
objects, changes to 1 SN procedures involve
fewer knowledge base updates than if the
knowledee base contained a large nuinber of
very specific 1 ules. For instance, a change
relating Lo a specific equipment type. neednot
affect more general domain information. If a
new receiver type called a Bl .OCK-VI
receiver were added to the DSN equi pment
list, more gener al rules, such as the telemetry
role shown in Figure 6, would not need to be
modified. Instead, only a fcw more specific
rules need be constructed or edited. In this
case., arlew(:{\~{fi~(4 rc-rccci\~cl rulec wouldbe
added to the sct of rules showninFiguie </,
Therefore, many such changes would causc
only a few specialized rules to be created o1
updated instead of causing numerous rules to
be modified.  Fven with the cunic nt DSN
goal k) automate all TDN generation, the
planning knowledge base must be constantly
updated and vertficd. Fewer more general
tules arc cheaper to update and verify, and
thus support more efficient knowledge base
maintenance.

Another benefit to this type of representation
i s that domain information is niote casily
uqcer stood. By Keeping  domain details
separate from inore general know led ge, it is
casict for @ user to understand the general

aspects of all antennatrack. For example, to
under Is and the general steps of a telemetry
operation, a usei only has to view the main
telemetry track decomposition rule. 1f more
low-level knowledge is desited, such as how
to operate a particular picce of cquipment, the
uscr could then search for rales that directly
pertain to that equipinent type.

Comparison to Scripts

One option considered by DSN personnel
was to implement the higher level of track
automation by a hictarchy of scripts. There
would be scripts for general activities , such
as calibrating a Block v Recciver in the
context of a rangingtiack.  This scripting
approach can be viewed as similar to the
HTN planning approach, but with two key
diffciences.  First, therc. 1s no explicit
representation of the contextin which ascript
will necessarily achieve the goal.  The sct of
situations in which a script S is expected to
wotk IS represented only implicitly in the set
of scripts which call the script S, I’
intended coverage, conditions, etc. are not
explicitly represented as the.y ate, in H'I'N
rules.  The second difference 1S that the
planner allows a “call by goal” usage in
operator-based planning. i this way, the
planner can invoke routines (operators) by
the conditions it desires to achicve, and the
planner will automatically detect and rc.solve
interactions With other activitics.  Not only
docs the planner representation allow for
encoding of conditions and assumptions of
when  particular  activities  are  appropriate
(through conditioned on HI'N rules 0 1
preconditions  on  operators), it actually
requires such definitions in order (0 operate
cottectly.  Therefore it encourages correct
documentation of operations requireiments of
activitics.

Comparison to I'nd-to-Iind TDNs

Another  option  considered by  DSN
Opetations was to simply encode end-to-end
TDNs fOr cach of the suppor ted combinations
of the C1OSS product of service request
combination and cquipment  allocation,
However, this option has several drawbacks.
Fiest,  artculating all of  the relevant




Knowledge in this format can be very tedious
and prone o crior. The expert opserators,
while generating the mitial set of end-to end
TDNs said that they often found it difficult to
keep al] of the di fferent TDNs stiaight.
Sccond, this representation IS pot amenable to
mai ntenance. If an equipment type is added
orchanged, itimustbe changedinevery ‘1'1ON
which is relevant. The knowledge pertaining
to the equipment type if not centralized in- @
set of rules or acuivity definitions as i the
planning iepresentation.

Representing  and  Reasoning  about  Plan
Qualiry

Representing and  reasoning, about  plan
quality [F1][16]{17 1118] is another  key
concet noof DSN  operationssinee there s
often more than onc  correct plan for a
particular antenna operation, it 1S important
fora planning system to be able to compare a
set of final pla ns using uscr identified pla n
quality mecasures. There are a number o f
quality measures dial call be  cmphasized
during planning including  producing more
1obust, flexible and/or efficient plans.  One
important quality poal 1S to minimize the
overall plan exccution time. In particular, the
time to sctup (pre-calibratio ny and reset (post-
calibration) the communications link  can
often be reduced. For instance, it can take up
to two hour s to manuall y pre-calibrate a DSN
70 meter antenna  communications link for
certain types Of mission. By using a plan
geherated by DPLAN, this tme can be
1educed to approximately 30 minutes, wheie
further reductions in sol-up time are limited
by physical constraints of the subsystems
themsel ves. Minimizing, plan execution time
allows more data to be returned per operating,
time for the link.

Plan ¢xecution time can often be significantly
reduced by exploiting  parallel  path
possibilitics, especially where the control of
multiple subsystems 1S involved.  DPLAN
currently uses the critical path length of a plan
1 0 help identify better plans.  Critical path
length 1S calculated using time information
altached 1o a TDN block, which speci fies the
aver age time it should lake to exccute the
block. By comparing critical path lengths of

competn g plans, DPE AN can choose
highly ¢ flicicnt final plan that will provide a
minimal excecution time.

Another important measure of plan quality is
generality. 1c.cause 01 the considerable effort
involved in generat ing, maintaining, and
tefming TDNs, a single gencralized TDN 1S
cheaper  than hundreds o 1 thousands o f
experiment-specific TDNs. For - example,
once of the misstons frequenitly p erformed
the DSN domain i s called the Ka-band
Antenna Performance (KaAP) experiment.
The KaAP TDN cw ey prooduced s
considered a  gencratized TDN  since it
represents the many di fferent ways that
KaAP cexperiment can be executed.  The
support data for  cach  particular KaAP
expenment identifies a particular path thiough
the TON. "This path can change depending
on the particular mission Ic(ivilelnc.ills  1n
particular, there 1S a data captuie loop in the
KaAP TDN that allows data to be captured
from cither a star o1 @ planet, thus requiring
di fferent antenna modes. One experiment
may specify that data be acquired from the
following sources in sequence: starl, star?,
star3. Whereas  another  experiment  inay
specify that data by acqui red from: star 1,
planctl, star 1, star2. This more general TDN
helps provide for more efficient knowledge
maintenance since only one TDN must be
maintained for this track.

Flexibility is another aspect of plan quality
that has been a requiremient in the SN
domain. For instance, the support data for a
particular expetiment may specify a particular
path throu gh the T N, however, the operator
has the flexibility to alter this path incal -
time. The final plan must be flexible ¢ nough
to handle these real-time changes. Some of
the changes that the operator call make to the
TDN are  skipping  blocks,  deleting
commands m blocks, adding conunands in
blocks, and editing time tags on blocks. 11
may also be necessary (o1 desirable) for an
operator to reorder blocks.  Yor example,
some TDN blocks cannot execute in parallel
due to resource conflicts.  The ordering of
such blocks can often affect plan quality by
making a plan more robust or more cfficient,
depending on the particular antenna operation
and cutrent rack status. 1f" a bett er ordering




is knownprior to TDN generation, this
information can be put to the planning
system which will incorporate itinto the final
TDN. I lowever, thiese order ing constraints
may often be best determined at runtime by
the operator.

Theie are also some standard 11N blocks
that may be inser ted into a plan at var ious
points (such as transnmssion rate changes,
etc.). H suchcommands are executed in the
middle o f an inflexible plan, itmay not be
possible to continue execution. 1 depending,
on the  steps inscrted,  preconditions,
postconditi ons, and time tags of other blocks
may become invalid.  Flexible  plans that
allow for the mscitton of common steps
while sl retaining then applicability - are
greatly valued.

A fmal plan quality issue 1S robustness.
Ideally, the final plan representation should
be expressive ¢ nough to provide robustness
under @ vanety of situations; however, an
expressive representation usually increases an
application's complexity and often results i a
loss of generality. In the DSN application,
the 'TDN representation used to repiesent the
final plan has initially beenkept extremely
simple, although it does include parallelism.
As the. intricacics of particular antenna
procedutes becane evident, more expressive
representations may be required. Constructs
such as loops, metric time, and actions with
ternpotal  scope  could te  added.
Unfortunately, this may cause the creation of
very specific construct s that are very specific
to a certain track. For mstance, n the Ka-
band An tenna Performance thick, auscful
planning constiuct to have is a“loop until
time” constract, which is used when the
actions in aloop need to be executed until a
pre-specified time occurs.  So fair, such  a
construct has been decmed necessary for only
onc particular kind of antenna track, and
thus, may not be applicable in other tracks.
By adding such a constiuct, the plan
representation does become mor e fl exible and
may provide for more  robust  plans.
Nowever, such an addition al so increases
planning complexity. This trade-off may be
necessaty in order to generate plans that are
robust cnough to be correctly  exccuted in
sucha varying and complic ated domanm.

Replannirig for Antenna Tracks

At the level of track procedure generation
DPLAN is also required to replan during, the
coumrse of ypical antenna  operations.
Replanning occurs in two  general cases.
First, sometimes after @  plan has been
generated, the objectives may change (exactly
the changing  objectives  item in the
taxonomy). Often shortly prior to or duning
a trtack a project may submit a sequest to add
scr vices to a tiack.  These correspond to
additional goals to be incorporated into the
track plan. In the case of goals added before
the tlack actually beginsg, DPLAN addiesses
this p roblem by adding these  additional
unachicved goals to the current plan and
restarting, the planning process  with  this
single  parent  plan. This  method s
icomplete i theory because the pla nner may
have made choices which are incompatible
with the new goals.  However,  for the
specific sets of goals and domain theories
relaled  to  antenna  operations we have
examined we have been able to use encodmgs
f o r which completeness has not been g
problem. But this is anarca of curtent work.
Inthe case of goals added during the actual
track, we have not addiessed this case - it is
anateca of curient work.

Another casefor replanning for DPLAN is
duc to dynamism. Aftet a plan has been
generated, a block (plan step) may fail, a
picce Of equipment may requite resetting, (due
to general unreliability), o1 a picce o f
cquipinentmay be fail 01 be pre-cinptedby a
higher priotity track. In [tic casc of a simple
plan step {ailure DPLAN simply calls for re-
execution of the block. If apicce  of
cquipment requites resetting, DPLAN has
knowledge describing which achieved goals
are undone and requie  re-establisht nent,
D PLLAN then uses a 1eplanning technique
[20] which 1e-uses paits of the original plan
as necessary to re-achieve the undone goals.
Thistechniquetakes advantage of the fact that
the original plan begins from a state which is
cquival entio resetting all of the subsystems.

& CC ONCLUSIONS

This paper has described the DSN - Antenna
Operations  Planner— (DPLAN) - which



automatically — generated  communications
antenna tracking pl ans based 011 1cequested
services and equipment alocation.  DPLAN
uscs a knowledge, basc of infor mation on
tracking activitics and a combination of
artificial intelligence hierarchical task network
(1 I'TN) and operator-based planning methods
to generate appropriate tracking plans.  We
have also described the deployment status of
the 1 OP1 AN systemn and outlined arcas o f
current work including representation and
reasoning about plan quality, replanning, and
tepresentation (o suppott maintainability.
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